A Bayesian optimization scheme is presented for reconstructing fluorescent yield and lifetime, the absorption coefficient. and the scattering coefficient in turbid media, such as biological tissue. The proposed method utilizes measurements at both the excitation and emission wavelengths for reconstructing all unknown parameters. A tissue phantom experiment uses the inversion strategy to reconstruct a spherical heterogeneity containing indocyanine green.
INTRODUCTION
In recent years, the use of fluorescent indicators as contrast agents for in vivo imaging of tumors with near-infrared (NIR) light has shown great promise, amacting considerable new interest. In experimental studies with animal subjects 11, 21 , fluorescence has been successfully used to visualize cancerous tissue close to the skin surface. The fluorophore, when injected into the subject, may selectively accumulate in diseased tissue due to increased blood flow from tumor neovascularization [I] . Alternatively, the agent may have different decay properties in diseased tissue, which could be useful in localizing tumors independently of fluorophore concentration [Z].
In principle, modulated excitation light is launched into the biological tissue, where it is absorbed by the fluorophore. The excited fluorophore, when decaying to the ground state, emits light at a longer wavelength, and this emission is detected by a suitable measurement device. These emission data are then used to perform a tomographic reconstrunion of the yield (a measure of the fluorescence efficiency) and the lifetime (the fluorescent decay constant). However, this reconstruction is complicated due to multiple scattering and absorption in human tissue 131. A rigorous reconstxuction of fluorescence property maps should also include reconstructions of absorption and scanering parameters at the excitation and emission wavelengths. This can be accomplished by use of optical diffusion tomography (ODT) L41, where boundary measurements from several sources and detectors are used to recover these unknown parameters. In addition to its usefulness in the fluorescence reconstruction, ODT may be used to localize a fluorophore as a relatively h i g h s o n a t absorber. Here, we present a Bayesian inversion algorithm and a measurement scheme for reconstructing all unknown fluorescent, absorption, and diffusion parameters. We use the proposed method to image a spherical heterogeneity in a tissue phantom, using transmission measurements by a CW imaging device. The heterogeneity contains indocyanine green (ICG), a fluorescent diagnostic agent approved by the FDA for use in the NIR range, where biomedical imaging with light is most practical. While ICG may be a strong candidate for clinical use due to its NIR excitation and emission and FDA approval, its quantum yield is relatively modest 131. which could make the emission difficult to detect in some situations. Thus, it is important to evaluate the feasibility of reconstructing ICG emission in experimental investigations.
FORWARD MODEL
The transport of modulated light (atw, with dw' variation) in afluorescent, diffusely scattering medium can be modeled using coupled diffusion equations The fluorescence parameters are the lifetime r(r) and the fluorescent yield qp..+.., (r). Note the right hand side of (2), where the light absorbed by fluorophores and subsequently emitled at the emission wavelength is incorporated into an effective source term.
INVERSION
In the most general case, the unknown parameters in (I) and ( Assume for simplicity that D, and D, are known (a reshiction easily removed by extending the concepts below to include scaltering parameters). Reconstruction of the unknowns can be achieved by forming and optimizing three cost functions:
where the subscripts (z,z), (m,m), and (z,m) specify the use of excitation or emission wavelength in the sources (the first index) and the detectors (the second index), f is the appropriate forward operator, A is the inverse of a diagonal covariance matrix, and a is an estimated parameter which scales the noise variance [9, 41. The optimization can be performed using the iterative coordinate descent (ICD) algorithm 19, 41, a sequential single-site update scheme similar to the Gauss-Seidel method used in other problems, Note that the parameterization of the fluorescent prop erties as y and r is useful because, in a sequential optimization scheme, it takes advantage of the inherent linearity of the fluorescence inverse problem while allowing regularization to be applied t o r directly.
EXPERIMENT
To verify the proposed reconstruction method, we performed flu+ rescence measurements. We recorded the data using a CW imaging device and a versatile phantom box (ahown in Figure I ), both described in detail elsewhere [IO] . The CW instrument has sources available at both 690 nm and 830 nm. While 690 nm excitation is not ideal for ICG, a published excitation spectrum [ I I] indicates that the detected 830 nm emission intensity, using 690 nm encitation, is about 30% of the maximum value (obtained using 780 nm excitation). The box was adjusted to internal dimensions of 16 x 16 x $9 cm, where the last dimension is vertical thickness. As shown ifl Figure 2 .9 source fibers were connected to the bottom plate, a d 14 detector fibers were connected to the top plate. A hollow, surfpce frosted glass sphere of diameter 2 cm was mounted just beneath the top plate. This sphere was connected to a closed circulation channel via thin rubber tubes leading outside the box, allowing fluorophore solution to be titrated into the sphere from an external reservoir over the course of the experiment. nm data were recorded (with no filters) forreconsmcting /k-. Finally, fluorescence measurements were made using 690 nm source excitation and 830 nm bandpass filters with 12 nm FWHM (Newp t IOLFIO-830) installed in the detectors to detect the emission. In addition, baseline measurements, with 690 nm sources and filters present, were made on the homogeneous phantom for the purpose of finding and subtracting certain compting effects such as (7) background light or leakage of the 690 nm excitation h u g h the filter. Due to a limited number of filters. only 9 of the 14 detectors were used for recording the filtered fluorescence measurements (as shown in Figure 2 ). Before applying the reconstruction algorithm, a simple experimental calibration procedure was performed. Synthetic data for a homogeneous phantom with D. = 0.071 cm, D , = 0.082 cm pa. = 0.006 cm-', and pa-= 0.03 cm-' were computed on a 33 x 33 x 17 grid using multigrid finite differences. These computed data were then divided by the corresponding 690 nm and 830 nm experimental data measured on the homogeneous phantom. The resulting calibration factors were then multiplied by the raw absorption measurements recorded with the ICG present. This calibration procedure reduces problems caused by the unknown scaling of the measurements or possibly nonuniform source and detector coupling to the medium. However, no calibration was performed for the fluorescence measurements, as relevant calibration data (with filters present) were not available.
The reconstructions of pa. and pam are shown in Figures 3  and 4 , respectively. For each inversion, a volume representing the whole box was discretized into 33 x 33 x 17 voxels. The ICD algorithm, using p = 1.2 and o = 0.01, was run for 20 iterations on a 927 MHz Pentium U1 workstation, taking approximately 15 minutes. The resulting pas image shows a heterogeneity with accurate shape, though with artifacts present in the region close to the top plate. The pa, image shows very little contrast, consistent with our expectation that ICG absorption should be higher at the excitation wavelength. Figure 5 shows the reconstructed fluorescent yield ~k . ,~. Making use of the reconsrmcted and pPm, the ICD algorithm, using p = 1.2 and U = 1.0, was run for 30 iterations (about 4 minutes). The iterations were computationally inexpensive due to the linearity of the fluorescence inverse problem. As a result of using uncalibrated data, the image is in arbitrary units. (The large value of LT also reflects the arbitrary scale of the image.) Though no quantitative interpretation is possible, the reconstructed flurophore has accurate shape and location.
CONCLUSION
We have presented aBayesian inversion strategy for reconstructing fluorescence, absorption, and scattering propenies, and we have used the method in a tissue phantom experiment to image f l u e rescence from ICG in a spherical heterogeneity. The results show potential for use of fluorescence, absorption, or possibly both as a tcol for localizing ICG in clinical diagnostic applications.
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